AND CONCLUSIONS
1. The modulation of membrane currents by serotonin (5HT) was studied in isolated clusters of tail sensory neurons. Serotonin was applied by micropressure ejection onto the somata of sensory neurons voltage-clamped at fixed holding potentials. The range of holding potentials tested in this study was selected to produce a steady-state Ca2+ -activated K+ current (1k,ca). Serotonin induced an inward shift in the holding current associated with a decrease in slope conductance.
2. Intracellular injection of adenosine 3',5'-cyclic monophosphate (CAMP) mimicked the response to 5-HT and induced an inward current associated with a decrease in slope conductance. The responses to 5-HT and CAMP had similar voltage dependencies and both responses were due to an apparent decrease in IV current. Responses to CAMP were markedly reduced when generated at the peak of a response to 5-HT. The nonsummation of the maximal current responses indicated that 5-HT and CAMP utilize a common, saturable mechanism.
3. In contrast to the consistent decrease in steady-state IV conductance elicited by CAMP, injection of guanosine 3',5'-cyclic monophosphate (cGMP) produced variable responses. In most cells, cGMP induced outward shifts in holding current that were associated with an increase in slope conductance.
4. Several lines of evidence indicated that lkCa contributed to the holding current at the level of membrane potentials that were examined. Inward shifts in holding current associated with a decrease in slope conductance were produced in the presence of agents that block Ca2+ channels, such as Co2+, Cd2+ or Ni2+ and by replacement of extracellular Ca2+ with Ba2+. Reducing the concentration of cytoplasmic Ca2+ through intracellular injection of EGTA had similar effects. Furthermore, inward shifts in holding current were produced by 5 mM tetraethylammonium chloride (TEA), which is known to block 1k,Ca in neurons of Aplysia. This concentration of TEA also attenuated the outward current produced in response to direct intracellular injection of Ca2+.
5. Serotonin appears to modulate the lkCa that contributes to the steady-state holding current. The same manipulations that block the steady-state lkca (see above) also attenuated the response to 5-HT. Furthermore, K+ currents activated by intracellular injection of Ca2+ were attenuated by 5-HT. 6 . These results indicate that the changes in holding current produced by 5-HT are mediated, at least in part, by CAMP. In addition, it appears that 5-HT modulates a steady-state calciumactivated K+ current in addition to the previously described Scurrent (40, 58) and delayed K+ current (8, 9) . Such modulation can affect both the excitability of the sensory neurons as well as their spike parameters and thus could contribute to behavioral sensitization of reflex responses elicited by stimulation of the tail. INTRODUCTION The modulation of membrane currents by serotonin (5-HT) in the siphon and tail sensory neurons in Aplysia has been examined extensively (8, 9, 39, 40, 50, 58, 62, 65, 69) . Initial studies on these cells focused on the serotonininduced modulation of a specific relatively voltage-independent membrane channel, the S-channel [so named because it is serotonin-sensitive (39,40, 58,60,62)]. Many of the effects of 5-HT appear to be mediated by activation of a serotonin-sensitive adenylate cyclase, which leads to the production of CAMP (11, 37, 50, 5 1) . From recent results, however, it is becoming clear that 5-HT has multiple effects on both the modulation of membrane currents as well as effects on other subcellular processes in the sensory neurons. First, 5-HT appears to alter Ca*+-handling as indicated by the fact that the Ca*+-signal obtained from a Ca*+-sensitive indicator is enhanced after application of 5-HT (13) . Second, 5-HT appears to modulate a voltagedependent current similar to the delayed potassium current (1k v) (8, 9) . Third, 5-HT appears to regulate the mobilization of transmitter (24, 33, 34) . Fourth, the effects of 5-HT on the modulation of membrane K+ currents can be attenuated in the presence of agents that block Ca*+ current (40, 58, 67) . This later finding raises the possibility that 5-HT may also modulate a Ca*+ current (&) (54, 55) or a calcium-activated potassium current (1k ca) (12, 13, 20) . The present experiments were designed to examine the Ca*+-sensitivity of the response to 5-HT in greater detail with particular emphasis on the possible modulation of a steady-state Ca*+ -activated K+ current by 5-HT and CAMP.
The above mentioned Ca*+-sensitivity of the effects of 5-HT could be interpreted in three ways. First, Ca*+-channel blockers could produce an additional nonspecific block of K+ channels (5, 32, 35) . Second, agents that affect Ca*+ channels could block a steady-state influx of Ca*+ thereby inhibiting a Ca*+ -sensitive step in the CAMP cascade. Such an inhibition would diminish the ability of 5-HT to exert its modulatory effects on the CAMP-dependent S-channel (1, 2, 19, 5 1). Third, 5-HT could directly modulate 1k Ca (12, 20) and agents that block Ca*+-channels would reduce a steady-state I k,Ca and thereby attenuate the ability of 5-HT to modulate the current. These three possibilities are not mutually exclusive and their expression may be dependent upon the steady-state levels of Ca*+ within the cell and the particular testing procedure used to examine responses to 5-HT. Indeed, previous studies on the sensory neurons in the abdominal ganglion did not show a clear effect of the ability of 5-HT to modulate ZKCa when ZKCa was elicited with step depolarizations (40). To further explore the Ca2+-sensitivity of the effects of 5-HT we performed experiments to maximize the chances of generating a steadystate influx of Ca2+ and detecting both ZK Ca and its modulation. Specifically, sensory neurons were voltage clamped at depolarized levels that would result in steady-state activation of the Ca2+-current (Zca) and therefore in steady-state activation Of ZKCa (13, 68) .
We have connrmed and extended previous observations finding that the current modulated by 5-HT is highly sensitive to changes in Ca2+-influx and alterations of the level of intracellular Ca2+. The results support the hypothesis that, under appropriate (and sometimes different) conditions, 5-HT can modulate a family of currents including Ca2+-activated IL+ current, S-current (8, 9, 40, 58, 62) , and delayed K+-current (8, 9) .
Preliminary reports of some of these results have been presented (65, 67).
METHODS

Preparation, recording and ejection and injection procedures
Aplysia californica weighing 250-800 g were obtained from Marine Specimens Unlimited (Pacific Palisades, CA) and Marinus, Inc. (Westchester, CA). Aplysia were maintained in an aquarium filled with artificial sea water (ASW) (Instant Ocean) at 15OC. All experiments were performed at room temperature (20-24°C) .
Isolated clusters of sensory neurons taken from the pleural ganglion (50,5 1,69) were pinned to the Sylgard (Dow-Corning) floor of a 10 ml-chamber. The cluster was perfused with ASW buffered to pH 7.6 with 10 mM tris (hydroxymethyl) aminomethane (Tris). Sensory neurons were impaled with 2-5 MQ microelectrodes filled with 3 M potassium acetate. Membrane potential was controlled using two electrode voltage clamp techniques (16) . A random sample of 53 cells provided an average resting membrane potential of -43.5 t 1.4 (SE) mV. This value is comparable to the average resting membrane potential of -48.3 t 1.4 mV (n = 21) obtained for these cells during a previous study utilizing single electrode recording techniques (66). In most experiments, responses to 5-HT and other agents were monitored as changes in steady-state holding current at a variety of fixed holding levels. In many preparations, the slope conductance of the membrane was monitored by applying brief hyperpolarizing voltage pulses.
Serotonin (5-HT) creatinine sulphate (Sigma Chemical, St. Louis, MO) (1 mM in ASW) was applied by micropressure ejection. A pneumatic pump (Medical Systems Corp.) was attached to a blunt tip microelectrode (2-6 pm in dia) filled with the solution of 5-HT. Ejection of 5-HT was obtained by application of constant pressures ranging from 10 to 25 PSI for 52 s. The electrode for microejection was positioned at a fixed point above the voltage-clamped cell body and removed after each application to minimize desensitization due to leakage. 5-HT was applied at regular intervals of 3-8 min. The interval was chosen so that the change in holding current produced by 5-HT returned to the original holding current level for at least 60 s. In some experiments 0.1 mM 5-HT was perfused into the chamber.
Iontophoretic injections of CAMP, cGMP, Ca2+, and EGTA were performed under voltage clamp using one barrel of a double-barrelled microelectrode. The other barrel of the electrode was used to deliver current for the two electrode voltage clamp. A second independent electrode was used to monitor the membrane potential. Iontophoretic currents of 1 OO-1,000 nA were used ( 10 ms pulses, 50 Hz for 0.5-2 s). Solutions of 100 mM CAMP or cGMP (sodium salt, Sigma), 500 mM CaC12, and 100 mM ethylene glycol-bis(@-aminoethyl ether)-l\',N,N',N'-tetraacetic acid (EGTA) (potassium salt, Sigma) were used to fill the iontophoretie barrel of the double-barreled electrode. K+-EGTA was made by adding potassium hydroxide to an aqueous solution of EGTA until a pH of 7.6 was obtained.
In some experiments we examined the ability of 5-HT to modify the response to the injection of either CAMP or Ca2+ by comparing the response to an initial control injection to that of a second injection during treatment with 5-HT. Responses to two successive control injections of either Ca2+ of CAMP were relatively stable. For example, the second of two control responses to CAMP was 93 t 4 (SE) YO (n = 6) of the first and the second of two control responses to injection of Ca2+ was 99.3 t 2.3% (n = 21) of the first.
Extracellular solutions
Co2+, Ni2+, or Cd2+ were added directly to ASW containing Ca2+ at concentrations of 30 mM CoC12, 15 mM NiC12, or 2 mM CdC12. In some experiments Ca2+ was replaced by Ba2+. In those experiments, the ganglion was first bathed in an ASW solution of the following composition (in mM): 460 NaCl, 5 5 MgC12, 10 KCl, 10 Tris, and 11 CaC12. The solution containing Ba2+ had similar composition, except CaC12 was 0.55 mM and Ba2+ ( 11 mM) was added. Solutions of divalent cations and solutions of ASW with tetraethylammonium (TEA, 5 mM, Eastman Kodak), and 8-bromoadenosine 3',5'-cyclic monophosphate (8-bromo-CAMP, 1 mM, Sigma) were also perfused into the chamber.
Data analysis
Responses to 5-HT were found to undergo a decrement in amplitude when two pulses of 5-HT were presented consecutively. Many of the experiments performed in this study compare the amplitude of a first response to 5-HT, generated in a solution of ASW alone, to the amplitude of a second response to 5-HT generated in a solution containing some form of experimental treatment. We therefore compared the attenuation of the responses to 5-HT resulting from each treatment to the decrement that occurs for responses to multiple exposure to 5-HT in control ASW. This comparison was performed using a T-test for 2 independent samples where experimental groups were compared to a control group. The control group values were generated from 55 cells. Two consecutive responses to 5-HT were generated in each control cell without exposure to an experimental treatment. The second of two successive responses to 5-HT was 92 t 3% (n = 55) of the first. In the treatment groups, the second response to 5-HT was elicited in the presence of an experimental solution following the generation of an initial response to 5-HT in the presence of ASW alone. A ratio of the second response in 5-HT to the first response in 5-HT was calculated for both control and treatment cells. A logarithmic transformation was then performed on each ratio value (X), using the equation X' = log (X + 1). This transformation insured normal distribution of the data and homogeneity in variances for each group, a prerequisite for use of the t test (7 1) . Using this statistical test, we found that each treatment group was significantly different (P < 0.00 1) from the control group, suggesting that effect of each treatment was not simply due to desensitization of the response to 5-HT. Throughout the paper data are expressed as the mean rt SEM.
RESULTS
5HT and CAMP modulate a Ca2+-insensitive outward current elicited by pulse depolarizations Previous studies on the siphon and tail sensory neurons in Aplysia have demonstrated that replacement of Ca*+ by Ba*+ did not affect 5-HT modulation of outward currents produced by brief depolarizing pulses of 50-to 500.ms duration (40, 58). We began by first confirming these results. Initially, a pair of 30-mV, 500-ms pulse depolarizations were delivered from a holding potential which ranged from -25 to -50 mV. One pulse was delivered prior to application of 5-HT and the second after the application of 5-HT (Fig. IA) . Exposure of the sensory neurons to 5-HT led to a 32 t 1% (n = 8) reduction of the outward current elicited by the pulse depolarization (e.g., Fig. IA) . The preparation was then exposed to Ba*+-ASW. While bathed in Ba*+-ASW, a second pair of 3O=mV, 500-ms depolarizing pulses was again delivered, the first prior to and the second pulse after a second application of 5-HT (Fig. lA2) . The serotonin-mediated reduction of outward current produced in response to a depolarizing pulse was only slightly affected by Ba*+ -ASW (compare Fig. 1Al and lA2 ) despite the fact that the net outward currents were dramatically reduced by the Ba*+ -ASW. In Ba*+-ASW, the averaged serotonin-induced reduction of outward current was 90 t 9% (n = 8) of the serotonin-reduction produced in ASW. We also examined whether the effects of iontophoretic injection of CAMP were sensitive to application of Ba*+-ASW. We therefore repeated the experiment described above (Fig. 1 A) , but iontophoretic injections of CAMP were used rather than puffs of 5-HT. Figure 1BI illustrates responses to two pulse depolarizations, one prior to injection
of CAMP and one after the injection of CAMP. Injection of the sensory neurons with CAMP led to a 21 t 5.7% (n = 6) reduction of the outward current elicited by the pulse depolarization. Following exposure to Ba*+-ASW, the net CAMP-mediated decrease in outward current produced in response to depolarizing pulses was 89 t 15% (n = 6) of control (Fig. 1B) .
These experiments indicate that Ba*+-ASW has little effect on the ability of 5-HT or CAMP to reduce outward currents elicited by pulse depolarizations.
During the course of the experiments, however we noted that the changes in holding current produced by 5-HT and CAMP appeared to be affected to a greater extent by Ba*+-ASW than the 5-HT and CAMP modulation of outward current elicited by the pulse depolarizations. We therefore focused our attention on the effects of 5-HT and CAMP on the steady-state holding current and the possibility that the holding current could be used as a more sensitive read-out of possible modulation of IK Ca by 5-HT and CAMP. 7
Eflects of 5-HT and cyclic nucleotides on the steady-state holding current
Confirming previous observations (50, 66), we found that pressure ejection of 5-HT leads to a reduction of steady-state holding current, which was associated with a decrease in the slope conductance as measured from the change in steady state current (I,,) produced by the hyperpolarizing pulses (Fig. 2B) . In a few examples studied, the instantaneous current (lin) appeared to be decreased by CAMP, 5-HT, and Ba*+. For these limited values of membrane potential, the decrease in 1in indicates a decrease in the chord conduc-
Barium has little affect on serotonin-and CAMPmodulation of current produced in response to brief depolarizing pulses. A: depolarizing pulses (500 ms) to 0 mV from a holding potential of -30 mV were delivered just prior to and just after the application of 5-HT. Puffs of 1 mM 5-HT were delivered for 500 ms using a micropressure ejection system. Al: J outward currents produced in ASW were reduced when gener-30 mV ated after the application 5-HT. A2: Ba2+-ASW led to the reduction of net outward currents during the pulse, but the addi-ASW ASW t CAMP Bazt 1 set tional reduction of current produced by a second application of 5-HT was similar to that produced by the first application of 5-HT in ASW (compare arrows in Al and A2). On average, 5-HT modulation of outward current produced in response to depolarizing pulses to -0 mV was reduced by 10 Ifr 9% (~2 = 8) in the presence of Ba 2+-ASW. B: in another experiment, depolarizing pulses (500 ms) to -5 mV from a holding potential of -35 mV were delivered just prior to and after the injection of CAMP. Bl: outward currents produced in cells bathed in ASW I 10 nA were reduced when generated after injection of CAMP. B2: outward currents produced in cells bathed in Ba2'-ASW showed reduction in the net outward current, but the additional reduction produced by the second injection of CAMP was similar to that produced by the first injection of CAMP into cells bathed in normal ASW (compare arrows, Bl and B2). On average, the J ability of CAMP to modulate current produced in response to 30 mV depolarizing pulses to -0 mV was reduced by 11 t 15% (n = 6) by exposure to Ba2+-ASW. tance and thus input conductance of the tail sensory which is associated with a decrease in slope conductance neurons (3, 4, 22) . In a related study, Adams et al. (3, 4) (Fig. 3) . Following recovery of the response to SHT, bath found that the change in slope conductance predicted the application of 8-bromo-CAMP (1 mM) produced a similar change in chord conductance produced by muscarine in inward current and decrease in slope conductance. At the bullfrog sympathetic neurons. Responses to 5-HT lasted peak of the response to 8-bromo-CAMP, a second puff of between 1 and 5 min. In all cells studied (n = 18) intracel-5-HT produced a response that was attenuated to 32 t 10% lular injection of CAMP mimicked the response to 5-HT (n = 6) of the amplitude of the initial control response and consistently produced an inward current associated to 5-HT. with a large apparent decrease in membrane conductance
As a means of determining the specificity of the response ( Fig. 2A) . Responses to injection of CAMP varied in dura-to CAMP, responses to iontophoretic injections of cGMP tion between 30 and 90 sec. Intervals between CAMP varied between 2 and 8 min.
injections of were m oni tored using t he same a .pproach . Whereas responses to iontophoretic injections of CAM P consistently In order to examine whether the responses to 5-HT and mimicked responses to 5-HT in 12 of 12 cells studied, CAMP were acting through a common saturable mecharesponses to injection of cGMP were quite variable and nism, occlusion experiments such as that illustrated in Fig. resulted in both inward and outward currents. In 9 of 14 cells that were examined injection of cGMP produced an outward current associated with an increase in slope conductance (e.g., Fig. 4Al ). Occlusion experiments with 2C were performed. At the peak of a second response to 5-HT, a second injection of CAMP was made. The second injection of CAMP produced a smaller response than the original one (Fig. 2C) . The response to the second injection of CAMP during application of 5-HT was attenuated to 3 1 + 5% (n = 6) of the original response to CAMP by itself. Following recovery from the 5-HT and CAMP applications, responses to CAMP injection returned to 82 t 6% (n = 6) of control values. The attenuation of the second 5-HT and cGMP were performed in 3 of these 9 cells (Fig.  4A ). Injection of cGMP produced an outward current, whereas application of 5-HT to the same cell produced an inward current. A second injection of cGMP at the peak of the response to 5-HT co ntinued to produce an outward current that was 91 t 5% (n = 3) of the original cGMP response. These experiments indicated that 5-HT and cGMP were not acting through a common mechanism. In 5 of the 14 cells, however, injection of cGMP produced an inward current and a decrease in slope conductance (e.g., Fig. 4Bl ). Occlusion experiments were completed in 4 of these 5 cells (Fig. 4B) . Injection of cGMP at the peak of a second response to 5-HT produced a response that was 33 -t 14% (n = 4) of the original cGMP response. The occasional similarity between the responses to CAMP and cGMP suggest that the cyclic nucleotide-dependent protein kinase may not be completely specific (17, 45) . Nonetheresponse to CAMP was not due to desensitization as a result of multiple CAMP injections, since the amplitude of the second of two consecutive control responses to CAMP was 93 + 4% (n = 6) of the first response.
In addition to injections of CAMP, we elevated the intracellular concentration of CAMP by bath application of the membrane-permeable and phosphodiesterase-resistant analogue of CAMP, 8-bromo-CAMP.
In all cells studied (n = 6), 8-bromo-CAMP also mimicked and partially blocked 5-HT responses. Micropressure ejection of 5-HT (1 mM) for 500 ms produced an inward shift in the holding current, 4 . Intracellular iontophoresis of cGMP produced variable responses. In some cells injection of cGMP produced an inward current, whereas in other cells it produced an outward current. Each response to cGMP was produced alone and at the peak of a response to 5-HT. Al: injection of 100 mM cGMP (300 nA, IO-ms pulses at 50 Hz for 1 s) (arrow) produced an outward current associated with a slight increase in slope conductance. A2: micropressure ejection of 1 mM 5-HT (500 ms) produced an inward current associated with a decrease in slope conductance. A3: at the peak of the response to a second pulse of 5-HT, an injection of cGMP produced a response comparable to that shown in Al. Holding potential = -35 mV. BI: in another cell, iontophoretic injection of 100 mM cGMP (300 nA, lo-ms pulses at 50 Hz for 1 s) produced an inward current associated with a decrease in slope conductance. B2: micropressure ejection of 1 mM 5-HT (500 ms) produced a similar inward current and decrease in slope conductance. B3: at the peak of the response to a second pulse of 5-HT (arrow) an injection of cGMP identical to that delivered in Bl produced a response that was smaller than that produced by cGMP alone (Bl). Holding potential = -30 mV. In agreement with previous observations on the while responses to identical iontophoretic injections of effects of 5-HT on Aplysia sensory neurons, we found that CAMP were examined (n = 4). An example of the currents cells exposed to ASW containing CoCl*, NiCl*, or CdC12 produced by the injection of CAMP is illustrated in Fig. 5A . showed attenuated responses to 5-HT as compared to those At potentials between -20 and -70 mV, CAMP produced responses elicited in ASW alone (40, 58). Serotonin, tested inward currents, the amplitude of which decreased with in ASW alone, produced an inward current associated with increasing levels of hyperpolarization.
The null potential a decrease in slope conductance (Fig. 6, panel 1, A-C) . occurred near -90 mV (Fig. 5B) and further hyperpolarizaAddition of either 30 mM Co*+, 15 mM Ni*+, or 2 mM tion led to an apparent reversal of the response. A plot of Cd*+ dissolved in ASW containing Ca*+ also produced an the peak inward current produced by injection of CAMP vs. inward current associated with a decrease in slope conducthe holding potential is illustrated in Fig. 5C . The null tance (note the downward (inward) shift of the holding potential for the response to CAMP is similar to that pre-current in panel 2 of Fig. 6 ). Furthermore, while these viously observed for 5-HT (66). The dramatic decrease in agents were still present, the response to a second applicamembrane conductance, the parallel voltage dependency tion of 5-HT was greatly reduced: 29 t 12% (n = 6) of of each response and the common hyperpolarized null po-control for CO*+, 19 t 8% (n = 7) for Ni*+, and 13 t 5% tential suggest that both CAMP and 5-HT modulate the (n = 4) for Cd*'. In five other cells treated with Ni*+ and in same voltage-dependent K+ currents in the tail sensory one other cell treated with Co*+, application of the divalent neurons over the range of potentials that were examined.
cation produced an outward current associated with an increase in slope conductance. In these cells, responses to 5-HT were potentiated following treatment with the divaCa2+-sensitivity of the holding current and the response to lent cation. A potential explanation for these anomalous 5-HT at depolarized membrane potentials effects is that some of the cells exposed to Ni*+ or Co*+ become more leaky. Since Ca*+ was still present in each It is probable that I k,Ca contributes to the steady-state solution, Ca*+ may have entered the cell, activated more holding current at depolarized levels. A previous study (68) I demonstrated that the Ca*+-conductance of the tail sensory k,ca and produced a larger current for 5-HT to act upon.
neurons is activated at membrane potentials more depo-
3. ASW larized than about -40 mV. As the intracellular concentration of Ca*+ increases I kca becomes activated (27) . Thus a A , noninactivating outward'current likely to be activated at a depolarized holding potential is Ik Ca .
Four separate approaches were utilized to investigate the Ca*+-sensitivity of the holding current at depolarized levels and the possibility that 5-HT may modulate a steady-state B I k ca. First, changes in steady-state holding current and responses to 5-HT were examined after the addition of Ca*+-channel blockers (Co*', Ni*+, and Cd*+) to ASW, thereby eliminating any influx of Ca*+ that might contribute to the maintenance of a steady-state Ik,ca. In addition, changes in holding current and responses to 5-HT were c tested after most of the extracellular Ca*+ was replaced with Ba*+ (Ba*+-ASW). Since Ba*+ ions pass freely through Ca*+ channels but do not activate Ik,C' in molluscan neurons, Ba*+-ASW was used to reduce the contribution of a steady-state I k,ca to the cell's total membrane current without significantly affecting the inward current normally flowing through Ca*'-channels (28, 3 l).' Second, changes in holding current and responses to 5-HT were examined after the cytoplasmic concentration of the Ca*+ was reduced by intracellular injection of the calcium chelating agent EGTA. Third, 5-HT was tested for its ability to modulate outward currents elicited in response to iontophoretic injections of Ca*+. Fourth, the holding current, responses to 5-HT and responses to injection of Ca*+ were tested for their sensitivity to the low concentrations of TEA known to block Ik Ca , in Aplysia neurons (29) .
' These effects are to be contrasted with the ability of Ba2+ to activate currents in embryonic frog neurons examined in culture (59). These rather unique effects of Ba2+ may be related to distinct developmental properties of embryonic frog neurons studied in culture. After recovery of the response to an initial application of 5-HT, 100 mM EGTA was iontophoretically injected (600 nA, lo-ms pulses at 50 Hz for 3 s) into the cell. Injection of EGTA by itself produced an inward current shift in the steady-state holding current, which was associated with a decrease in slope conductance. At the peak of the response to EGTA, a second application of 5-HT produced a response that was attenuated compared to the original control response to 5-HT. B: partial recovery of the 5-HT response 10 min after injection of EGTA. Holding poten& = -25 mV.
Substitution of Ba2+ for most of the extracellular Ca2+ produced effects similar to those produced by the agents that block Ca2+-channels. Following the generation of a response to 5-HT in normal ASW, Ba2+-ASW was perfused into the chamber. Ba2+-ASW produced an inward current, decreased slope conductance (Fig. 602 , see also Fig. 8) , and reduced the response to 5-HT to 32 t 7% (n = 9) of control.
These experiments with divalent cations suggest that at depolarized levels there is a steady-state influx of Ca2+ which activates a steady-state lk,ca. Thus by reducing Ca2+-influx, the levels of intracellular Ca2+ and consequently the steady-state outward current are reduced. The results also suggest that 5-HT modulates lk,ca at these depolarized levels. When 1k ca is reduced by these agents, the effects of 5-HT are also reduced. Another interpretation of the results, however, is that the divalent cations are acting externally to block receptors for 5-HT and/or K+-channels in addition to blocking Ca2+ channels (5,32,35,40, 58). As a means of differentiating between these possibilities a similar set of experiments were performed following manipulation of intracellular levels of Ca2+. To test the hypothesis that the holding current and responses to 5-HT were sensitive to intracellular levels of Ca2+, responses to 5-HT were tested before and after iontophoretic injections of the calcium chelator, EGTA. Pressure ejection of 5-HT produced an inward current associated with a decrease in slope conductance (Fig. 74) . Following recovery of the response A CAMP R -CAMP 1 I I m to 5-HT, iontophoretic injection of EGTA produced a slow inward current associated with a decrease in slope conductance similar to the effects of 5-HT. At the peak of the response to EGTA, a second pressure ejection of 5-HT produced a response that was attenuated to 49 t 13% (n = 13) of control values. Figure 7B shows a third response to 5-HT 10 min after the injection of EGTA.
RESPONSE
TO INJECTION OF CAMP IS SENSITIVE TO Ba2?
Whereas the experiments described above indicate that the site for Ca2+-sensitivity of the response to 5-HT may be at the level of the Ca2+-activated K+ channel, the potential for Ca2+-sensitivity at one of the enzymatic steps of the CAMP cascade upstream from the membrane channel(s) had not been eliminated. For example, the adenylate cyclase coupled to the 5-HT receptors may be Ca2+-sensitive (2, 14, 19, 5 1, 70). In order to bypass a Ca2+-sensitive cyclase, we examined responses to direct iontophoretic injection CAMP in the presence of Ba2+-ASW. Injection of CAMP produced an inward current associated with a decrease in slope conductance (Fig. 8A, see also Fig. 2A) . Application of Ba2+-ASW also produced an inward current associated with a decrease in slope conductance. In the presence of Ba2+-ASW, the response to a second injection of CAMP was reduced (Fig. 84) . Following wash with normal ASW, the amplitude of the current produced by a third injection of CAMP recovered near to that produced prior to exposure to Ba2+-ASW (Fig. 8B) . Although these results do not exclude the possibility that Ca2+ regulates the activity of adenylate cyclase, they do indicate that there is a calcium-sensitive site that is not the adenylate cyclase complex. A: iontophoretic injection of CAMP produced an inward current associated with a decrease in slope conductance. Application of Ba2+-ASW also produced an inward current associated with a decrease in slope conductance. At the peak of the response to Ba2+-ASW, a second injection of CAMP produced a response that was reduced in comparison to the control response to CAMP. B: a third injection of CAMP following washout of the Ba2+-ASW. Holding potential = -20 mV. lasted from 2 to 25 s with a 3849). This hypothesis was tested by pairing iontophoretic mean duration of 9.4 t 0.8 s (n = 33). The variability in injections of Ca2+ with pressure ejection of 5-HT. Before duration of the response to Ca2+ injection probably retesting this hypothesis, however, we initially characterized the outward currents produced by injection of Ca2+. Sevfleeted differences in the range of iontophoretic currents used (loo-1,000 nA), in cell size, in the placement of the era1 lines of evidence indicate that the outward current electrode tip within the cell, and in the current passing produced by injection of Ca2+ is a calcium-activated K+ capabilities of the iontophoretic electrodes. Iontophoretic current, 1k,Ca. First, the 1-v relationship of the outward currents produced by injection of Ca2+ injections with polarity opposite to that which produced a was similar to the response to injection of Ca2+ had no effect. Control injec-1-V relationship for lkCa (27) . Second, outward currents produced by injection of Ca2+ were blocked by low contions of other cations such as Na+ and Co2+ also had no effect, whereas injection of Ba2+ produced only inward centrations of TEA. currents associated with decreases in slope conductance Injection of Ca2+ activates a K+ conductance. To generate I-Vrelationships for responses to injection of Ca2+, (n = 3 for each). Intracellular injection of Ba2+ probably sensory produced its effect by blocking lkCa (28); once again indineurons were held at a series of membrane potentials while the responses to iontophoretic injections of Ca2+ were eating that 1 k,Ca contributes to the 'steady-state holding curmonitored. The intervals for injection of Ca2+ were generrent in the sensory neurons.
Outward currents produced by injection of Ca2+ were ally 120 s. An example of this experimental approach is blocked by 5 mM TEA (see Fig. 1lB ). Previous studies illustrated in Fig. 9A . High gain reproductions of the cur-have shown that this concentration is very effective in rents produced at the five most hyperpolarized holding blocking lkCa (29) . Thus the outward current produced by potentials are shown in part B. A plot of the peak outward current produced by injection of Ca2+ in part A illustrates injection of Ca2+ appears to be IK Ca.
5-HT reduced the outward currint produced by injection the voltage dependency of the response to Ca2+ and a re-of Ca2+ In order to determine whether 5-HT modulated versa1 of the current near -65 mV (n = 5) (Fig. 9C) . The lkCa, outward currents produced by injection of Ca2+ were response to injection of Ca2+ was associated with an in-elicited before, during, and after application of 5-HT. Concrease in slope conductance (e.g., Fig. lOA) . In one preparasecutive injections of Ca2+ at intervals of about 120 s protion, exposure of the tail sensory neurons to ASW containduced nearly identical outward currents (Fig. 10) . The aming 75 mM K+ produced a 16-mV depolarizing shift in the plitude of the response to the second injection was 99. Two examples of the effect of 5-HT on the outward current produced in response to injection of Ca2+ are illustrated. Al and A2: 2 consecutive iontophoretic injections of 500 mM calcium (300 nA, 1 0-ms pulses at 50 Hz for 300 ms) produced similar outward currents associated with increases in slope conductance. A3: a pulse of 5-HT produced an inward current associated with a decrease in slope conductance. At the peak of the response to 5-HT, a third injection of Ca2+ produced no outward current. A4: response to a fourth injection of Ca2+ 15 min after exposure to 5-HT. Holding potential = -38 mV. Bl and B2: in another sensory neuron, 2 consecutive injections of 500 mM calcium ( 1,000 nA, 1 0-ms pulses at 50 Hz for 400 ms) produced similar outward currents. B3: application of 5-HT produced an inward current. At the peak of the response to 5-HT, a third injection of Ca2+ produced an outward current that was reduced, although not blocked. B4: response to a fourth injection of Ca2' 2 min after exposure to 5-HT. Holding potential = -35 mV.
2.3% (n = 21) of the first. Following the generation of two average to 68 t 5% (n = 21) of the amplitude of those control responses to injection of Ca2+, a pulse of 5-HT was produced by the second control injection. Following reapplied by micropressure ejection. At the peak of the in-moval of 5-HT and exposure to ASW, the amplitude of the ward current produced by 5-HT, the outward currents outward currents recovered to 97 t 8% (n = 18) of those produced by a third injection of Ca2+ were attenuated on prior to 5-HT exposure. Two examples of the effects of TEA attenuates the responses to both 5-HT and injection of calcium. A: in the same cell, injection of Ca2+ (500 mM) produced an outward current (Al) and application of a 500-ms puff of 5-HT (1 mM) produced an inward current (A2). B: as a result of exposing the sensory neuron to ASW containing 5 mM TEA, there was an inward shift in the steadystate holding current and the response to injection of Ca2+ was markedly reduced (Bl). The response to an application of 5-HT (B2) identical to that delivered in A2 was also reduced following exposure to 5 mM TEA. Holding potential = -35 mV.
2 nA 5-HT on the modulation of Ca*+-elicited currents are provided in Fig. 10 . In Fig. lOA, 5 -HT completely blocked the outward current produced by injection of Ca*+. At the peak of the response to 5-HT, injection of Ca*+ actually produced a small inward current associated with a decrease in slope conductance. In Fig. IOB, 5 -HT reduced but did not block the outward current.
In five of the 21 cells tested, 5-HT had no effect on the outward current produced by injection of Ca*+. In each of these five examples, the cells exhibited questionable physiological behavior as compared to the remaining 16 cells sampled (see above). For example, two of the cells died shortly after the 5-HT application, whereas the other three yielded responses to injection of Ca*+ which, following recovery from 5-HT application, were greater than the pretreatment control level. Nevertheless, these cells were included in the statistical analysis to indicate the variability that can be encountered in this test system.
Attenuation of responses to injection of Ca*+ were also obtained when bath application of 5-HT (0.1 mM) was substituted for pressure ejection of 5-HT (n = 2). Previous studies in Aplysia have demonstrated that I K ca is sensitive to relatively low concentrations (5 mM) of TEA (29, 3 1) . We therefore tested the TEA-sensitivity of the response to injection of Ca*+ and to application of 5-HT. Responses to Ca*+ and 5-HT were initially generated in cells exposed to normal ASW (Fig. 1 IA) . Injection of Ca*+ produced an outward current, whereas in this same cell application of 5-HT produced an inward current associated with a decrease in slope conductance. Like divalent cations, EGTA, and 5-HT, addition of ASW containing TEA produced an inward shift in the holding current that was associated with a decrease in slope conductance (Note the inward shift in steady-state holding current in Fig.  1lB ). In the presence of TEA, the outward current produced by injection of Ca*+ was reduced to 25 t 8% (n = 7) of the original control amplitude. Similarly, the inward current produced by application of 5-HT was reduced to 39 + 7% (n = 8) of the control amplitude.
-
DISCUSSION
In the sensory neurons of Aplysia, 5-HT is thought to modulate K+ current by a mechanism involving I) activation of a receptor-coupled adenylate cyclase, 2) an increase in intracellular concentration of CAMP, 3) CAMP-mediated activation of a protein kinase, and 4) phosphorylation of certain IV channels or proteins associated with the channels by the activated kinase (11, 37, 39, 40, 50, 52, 58, 60, 62, 66; see, however, Ref. 9) . Using voltage-clamp techniques applied to isolated clusters of the somata of tail sensory neurons, we have examined further the role of CAMP in the serotonin-modulation of K+ conductances and the nature of the K+ currents that are modulated. We conclude that CAMP serves as a second messenger mediating the response to 5-HT and that, in addition to other previously described currents and processes in the sensory neurons, 5-HT can modulate 1k,ca. The modulation of I k,ca by 5-HT is particularly evident when the sensory neurons are held at depolarized holding potentials where there is a significant steady-state 1k Ca. 7 Serotonin-mediated changes in holding current are mediated by CAMP Several lines of evidence indicate that CAMP serves as a second messenger mediating the changes in holding current produced by 5-HT. Intracellular injection of CAMP mimicked the effects of 5-HT by producing an inward current associated with a decrease in slope conductance. The response to CAMP showed a voltage-dependency (Fig. 5 ) in close agreement with that previously reported for the response to 5-HT (58, 66). The decrease in slope conductance, hyperpolarized null potentials, and the sensitivity of the responses to CAMP and 5-HT to altered levels of extracellular K+ indicate that both responses were probably produced by a decreased conductance to K+. Furthermore, responses to CAMP and 5-HT were consistently nonadditive, suggesting that 5-HT and CAMP share at least one common saturable step in the biochemical pathway that is activated to produce their response (Fig. 2) .
In contrast to the consistent agreement between the responses to CAMP and 5-HT, responses to iontophoretic injection of cGMP were rather variable. Most times the response to cGMP was opposite to that produced by 5-HT but sometimes it was similar. Both the nature of the variability and the physiological significance of the responses to cGMP need to be examined further. It is interesting to speculate, however, that the predominant outward current responses due to cGMP are expressions of those normally produced by some other transmitter. Other explanations are possible and the ability of CAMP and cGMP to produce similar cellular responses is not unique to the tail sensory neurons of Aplysia. In Archidoris and in unidentified neurons of Aplysia, it has been shown that injection of either CAMP or cGMP can produce nearly identical cellular responses (17) .
S-HT and CAMP modulates IKCa when the tail sensory neurons are held at depolarized levels Recent results indicate that 5-HT exerts multiple effects on membrane currents and other subcellular processes in the sensory neurons (13, 33, 34) , including the modulation of a current similar to the delayed K+ current (8, 9) . The present results indicate that under appropriate conditions 5-HT can also modulate a Ca*+-activated, K+ current that contributes to the steady-state holding current. These results are consistent with other findings of multiple effects of transmitters and second messengers on their target neurons. For example, 5-HT modulates a variety of currents in molluscan neurons ( 10, 18, 53, 55) and in some cells has been shown to simultaneously modulate more than one type of current (21, 23, 53, 56) . In the bag cells of Aplysia, CAMP appears to modulate at least three K+ currents including 1*, 1k,v, and 1k,ca (36,63,64). Multiple effects of transmitters on the same target neuron have also been observed in vertebrates. For example, in frog sympathetic ganglion, muscarine decreases the conductance to both a Ca*+-insensitive current (1M) and 1Ai-i~ (4,6, 15, 57).
In our studies, serotonin-induced inward currents produced in pleural sensory neurons voltage clamped at fixed holding potentials were extremely sensitive to the block of Ica by divalent cations or to the block of 1k ca by Ba*+ (Fig.  6 ). Inward currents produced by 5-HT were also found to be sensitive to intracellular manipulation of Ca*+ levels. Reduction or buffering of intracellular Ca*+ through intracellular injection of EGTA produced an inward shift in holding current and markedly attenuated the response to 5-HT (Fig. 7) . Thus at the membrane potentials that we examined, there appears to be a steady source of Ca*+ available to maintain 1k,ca. The ability of Ca*+-channel blocking agents applied extracellularly to produce the same effects as injections of EGTA indicates that the source of Ca*+ may be extracellular (Fig. 6) . Furthermore, the membrane potentials at which the experiments with EGTA were performed (-38--25 mV) are well within the range where voltage-dependent Ca*+ -conductances are present in these cells (13, 68) . 1kCa with similar steady-state properties have been described in other molluscan neurons (e.g., 7,26, 3 1).
We also found that outward currents elicited through intracellular injection of Ca*+ were modulated by 5-HT (Fig. 10) . The characteristics of 1k ca generated in these cells by injection of Ca*+ (i.e., reversal'potential, voltage-dependency, sensitivity to extracellular KS concentration, response to injection of Ba*+, and sensitivity to TEA), are in agreement with other studies on 1k,ca in both Aplysia and Helix neurons (25, 27, 28, 30, 3 1,42,48,49). The ability of TEA (5 mM) to attenuate both outward currents produced in response to injection of Ca*+ and inward currents produced by application of 5-HT also supports the hypothesis that 5-HT modulates lkCa (Fig. 11) . A 5-mM concentration of TEA would not be expected to have any significant effect on the S-current (9, 40, 6 1, and unpublished observations).
Although Ba*+ -ASW, TEA and injections of EGTA dramatically reduced the shifts in holding current produced by both 5-HT and CAMP, a residual Ba*+-and TEA-insensitive component of the holding current modulated by 5-HT remained (Figs. 6, 11 ). This remaining 5-HT-modulated holding current may result from the contribution of a number of residual currents including Is (8, 9, 13, 37, 61) .
The difference between the null potentials for the response to injection of CAMP (-90 mV) and the response to injection of Ca*+ (-65 mV) could be explained if 1k Ca only contributed to the CAMP-modulated current at a range of membrane potentials in which voltage-sensitive conductances to Ca*+ are active (i.e., more depolarized than about -40 mV) (68). At more negative levels of membrane potential other currents with hyperpolarized null potentials, Is for example, would be the predominant currents susceptible to modulation by CAMP (and 5-HT). Alternatively, whereas injection of Ca*+ may affect the conductance to other ions besides K+ (42, 43, 44), only 1k Ca may be sensi-3 tive to the effects of 5-HT.
Serotonin-mediated reduction of the outward current produced by injection of Ca*+ in the tail sensory neurons is in contrast to the lack of serotonin sensitivity of Ca*+-elicited outward currents reported in the siphon sensory neurons (40). The magnitude of the outward currents generated by injection of Ca*+ in this study, however, were of substantially greater amplitude and longer duration than those observed previously in the siphon sensory cells (40). In order to detect serotonin-modulation of Ca*+-elicited outward currents, it may be necessary to load the cell with Ca*+ by prolonged depolarization or to otherwise elicit large, long-lasting Ca*+ -mediated responses. The difference between our studies may reflect a difference in the level of iontophoretic current used or, alternatively, a difference in the density or type of Ca*+-activated K+ channels in each population of sensory neurons. Evidence for a differential contribution of 1k,ca to the total membrane current in Aplysia neurons has been reported to exist between separate populations of cells (26) . Thus there may be some differences between the membrane currents in the siphon and tail sensory neurons and their ability to be modulated by 5-HT.
The 5-HT and CAMP modulation of the outward current produced in response to depolarizing pulses was on average reduced by replacement of most of the extracellular Ca*+ with Ba*+. Ba*+, however, seemed to have a greater effect upon both the 5-HT and CAMP modulation of the holding current (compare Fig. 1 with Figs. 6 and 8 ). These data indicate that a dissociation exists in the Ba*+-sensitivity for both 5-HT and CAMP modulation of transient currents elicited by depolarizing pulses and steady-state holding currents. We believe that this effect can be explained, at least in part, if the Bz*+ -sensitive holding current and the Ba*+-sensitive current produced in response to depolarizing pulses are differentially responsive to the actions of 5-HT. For example, it is possible that there are two types of Ca*+-sensitive outward currents in these neurons as reported in bullfrog sympathetic neurons, hippocampal pyramidal neurons, and other nerve cells found in Aplysia (38, 46, 47). The Ca*+-sensitive outward current activated at fixed holding potentials might be affected to a greater extent by 5-HT, whereas the Ca*%ensitive current activated by rapid changes in voltage (depolarizing pulses) might be less sensitive to 5-HT. The modulation by 5-HT of the remaining outward currents produced by depolarizing pulses in the presence of Ba*+ may possibly be a reflection of the modulation of other 5-HT sensitive currents such as the S current.
Functional signijicance of the modulation of membrane currents by 5-NT In response to 5-HT, action potentials in the tail sensory neurons are broadened and have a greater amplitude (9,58, 69). As a result of the broadened action potentials, Ca*+-influx during the spike would be greater and transmitter release would tend to be enhanced. In addition to these effects on a single action potentials, the excitability of tail sensory neurons has been shown to increase following application of either sensitizing stimuli to the animal or exposure of the pleural ganglion to 5-HT (9, 69, see also 41). The similarity of the membrane currents modulated by CAMP and 5-HT over the range of potentials that were examined together with evidence demonstrating that both 5-HT (50,5 1) and sensitizing stimuli elevate cellular CAMP (52) make it highly likely that Is and 1k Ca are also modulated as a result of sensitizing stimuli. Based on the volt-age-dependence of Ik Ca netics, it is likely that its (Fig. 9) and modulation its relatively slow kimakes little contribution to changes in the resting potential or in the amplitude and duration o fa single action potential. Modulation of I k Ca, however, may have a greater effect on the repetitive firing behavior where significant accumulation of Ca*+ and subsequent activation of &a presumably occurs. For example, if Ik,Ca contributes to spike frequency adaptation, exposure to 5-HT would block this adaptation endowing the neuron with the capacity to generate bursts of action potentials. Recent evidence suggests that an additional K+ current, IK,V, may also be modulated directly in the tail sensory neurons (8, 9) . Thus single spikes would be broadened by a direct reduction of outward currents such as Is and Ik,v, and repetitive firing behavior would be induced by the reduction of 1s and Ik Ca. Finally, 5-HT has been shown to increase intracellular levels of Ca*+ in sensory neurons either through a direct modulation of Ica or a modulation of intracellular stores of Ca*+ (13) . This increase in intracellular Ca*+ would further facilitate neurotransmitter release. These synergistic modulatory processes presum ably co ntribute to the sensitizat sponses elici ted by stimulation of the tail.
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